ABSTRACT The aim of this trial was to compare 2 feeding systems based on whole corn, a loose-mix and a free-choice feeding system, during the finishing stage on the performance of ducks. Five hundred sixteen day-old male mule ducks (Muscovy drake × Pekin duck) were divided into 3 groups that differed in the presentation of the diet they received between 58 and 88 d of age: a complete pelleted diet (Control (CON) group; AME n 12.1 MJ/kg, CP 15.0%) containing 500 g of corn per kg; or whole corn (AME n 13.9 MJ/kg, CP 7.3%) and protein-rich pellets (AME n 10.3 MJ/kg, CP 22.7%) in equal quantities mixed in the same feeders (loose-mix feeding [LMF] group) or in 2 separate feeders (free-choice feeding [FCF] group). From 89 to 99 d, 72 birds/group were overfed with a mixture containing mainly corn and water and then slaughtered to determine the weight and commercial value of the fatty liver.
INTRODUCTION
Feed represents the largest single cost in the production of fatty liver in poultry, both from the economic and environmental point of view (Arroyo et al., 2013b) . Any improvement in feeding systems would allow significant cost savings and reduced environmental impacts. Innovations in feeding systems may concern: (1) the use of new raw materials, co-products, or additives of nutritional, economic, or environmental interest so as to be less subject to market speculation or less competitive with human food (Flachowsky, 2007; Khusro et al., 2012) ; (2) technological processing of raw materials or the feed production process (Kozlowski and Jeroch, 2014) ; and (3) feed presentation or distribution methods (Noirot et al., 1998) . The most common feeding strategy today is based on the use of complete, pelleted feeds. These complete feeds have the advantage of having a controlled and constant nutritional com-C 2017 Poultry Science Association Inc. Received April 18, 2016 . Accepted May 12, 2017 Corresponding author: laurence.lamothe@inra.fr position and of being easy to use. This feeding strategy is well adapted to the integrated poultry sector in which producers are linked to the feed industry through supply contracts. However, the production of complete, pelleted feed uses energy for the transport of raw materials and the processing of raw grain (grinding, pelleting) . Since the birds are able to digest whole grains, the use of unmilled cereals allows the sector to reduce the economic and environmental costs of the feed (Henuk and Dingle, 2002; Dozier et al., 2006) and to improve competitiveness. In addition, the energy savings made would lower environmental impacts, especially if cereals are consumed on-site or near their production area. With this in mind, 3 main systems based on whole grains were studied and their advantages were determined. Indeed, whole grains have positive effects on digestive function (Singh et al., 2014) and stimulate the development of the gastrointestinal tract and improve its performance.
The first system is loose-mix feeding in which the different components of the diet such as whole grains and protein-rich pellets are mixed in the same feeder (Yo et al., 1998) . This makes it possible to adjust the diet to the reduced protein needs of poultry with 3146 age while using a single protein-rich food (Leeson and Caston, 1993) , increasing the level of cereal distributed. The second is free-choice feeding in which the different components of the diet are offered in separate feeders (Özek et al., 2012) . This strategy may be advantageous when it is not possible to mix the different food fractions as in the case of moist raw materials (silage: Kokszynski et al., 2014 ; inert wet corn: Laborde et al., 2015) . In that case, the moisture of these raw materials may soften and alter the protein-rich pellets and sully the feeder. It therefore requires 2 feeders, which is costly. The third is sequential feeding in which the different components of the feed are not offered at the same time but at separate times of the day, e.g., one in the morning and the other in the evening. This method has been shown to improve feed efficiency in laying hens (Umar Faruk et al., 2010) . These feeding systems based on whole grains have been studied in poultry for meat production (geese: Lu et al., 2011; broilers: Singh et al., 2014) or egg production (Traineau et al., 2015) .
In fatty liver production, feeding based on whole corn has been mainly studied in geese (Arroyo et al., 2012a, b and 2013a) . However, in France, the leading producer of fatty liver worldwide, ducks are the main source of production (95%), whereas goose fatty liver production is very low (5%; CIFOG, 2015). It therefore seems interesting to explore the possibility of using whole grains during the rearing stage in ducks in a way that is compatible with the preparation of birds for overfeeding (Mazanowski and Ksiazkiewicz, 2001; Guémené and Guy, 2004; Arroyo et al., 2012c) . In this way, Arroyo et al. (2014 Arroyo et al. ( , 2016 studied free-choice feeding and sequential feeding with corn or triticale in mule ducks. They showed that a free-choice feeding system based on whole corn or triticale grains reduced the feed intake while maintaining the performance of mule ducks at the end of the rearing and overfeeding stages. A sequential feeding system based on whole corn reduces the feed intake during the finishing stage but has no effect on the performance during the overfeeding stage. However, no data is available concerning the loose-mix feeding systems on mule ducks. Additionally, different feeding systems have been compared at the same time in broilers (Erener et al., 2003; Amerah and Ravindran, 2008; Singh et al., 2014) , providing insight into the response of birds. In this context, this trial aimed to compare the advantages of loose-mix and free-choice feeding systems using whole corn (WC) and protein-rich pellets (PRP) during the finishing stage on the performance of ducks during rearing and overfeeding stages.
MATERIALS AND METHODS
The present study was performed in agreement with French regulations for human care and the use of animals for research purposes. Animals were bred at the Goose and Duck Breeding Station (Coulaures, Dordogne, France), which has experimental approval (A24- 
Birds and Experimental Groups
A total of 516 day-old male mule ducks (Muscovy drake × Pekin duck) from the commercial line MM-GAS × PKL were provided by Orvia Blanchard (Le Pin, Deux-Sèvres, France). They were divided into 3 groups (4 pens of 43 birds per group). Birds in the 3 groups were fed with a pre-starter crumb diet (AME n , 12.3 MJ/kg, CP, 22%) from 1 to 10 d, a starter pellet diet (AME n 11.7 MJ/kg, CP 18%) from 11 to 29 d, and a grower pellet diet (AME n 12.1 MJ/kg, CP 16.5%) from 30 to 57 d of age, as previously described by Arroyo et al. (2014) All the diets offered during the rearing stage (1 to 88 d) met the nutritional requirements defined by Baéza et al. (2012) and were manufactured by Sud-Ouest Aliment (Haut-Mauco, France). The PRP were formulated to meet the ducks' requirements if they consumed 50% of WC and 50% of PRP. The feed composition is shown in Table 1 . From 89 to 99 d, 72 birds/group were overfed with a mixture of 390 g of corn flour, 167 g of WC (AMEn 13.9 MJ/kg, CP 7.3%, Lys 0.2% and Met 0.2%), 425 g of water and 18 g of a vitamin (A: 180,000 IU/kg; D 3 : 50,000 IU/kg; E: 2,250 IU/kg; B 1 : 100 mg/kg; K 3 : 200 mg/kg; C: 1,170 mg/kg) and mineral premix (CuSO 4 : 667 mg/kg; ZnO: 3,600 mg/kg; SeSO 4 : 74.00 mg; Na 2 SeO 3 : 13.5 mg/kg; clay (bentonite): 580 g/kg) manufactured by Sanders (ChateauGontier, France). During the overfeeding stage, the ducks were overfed 2 times daily as described by Arroyo et al. (2014) . The birds used for overfeeding were chosen according to their live weight at 88 d so as to be representative of the live-weight variability within groups.
Housing and Management Conditions
During the rearing stage, the birds were housed in 12 pens, each having an area of 19-m 2 , containing 43 male mule ducks. The pens were equipped with one drinker, 4 feeders, and outdoor access (91.5 m 2 /pen). The feeders were similarly managed in the 3 groups. The feeding program was intended to prepare the birds for overfeeding (Guémené and Guy, 2004; Arroyo et al., 2012c) . For this purpose, birds were fed ad libitum from 1 to 56 d. They then had controlled access to the diet from 57 to 88 d of age. All diets (CON, WC and PRP) were distributed according to an hourly rationing program, allowing access to the feed for 1 h/d from 58 to 64 d and 30 min/d from 65 to 88 d.
Ducks had outdoor access between 07:00 and 18:00 from 25 to 88 d of age. From 57 to 88 d, outdoor access was denied during the time when birds received the experimental diets and, consequently, the time of outdoor access was reduced (08:00 to 18:00 or 08:30 to 18:00; see above).
From age 0 to 6 d, the light was kept on (60-80 lux). From 7 to 26 d, artificial light was provided only during feed access, and a night light was kept on overnight. Once ducks had outdoor access, only natural light was used.
Room temperature was maintained at 28
• C during the first week after hatching and was gradually subsequently reduced to 20
• C at 25 d of age, after which no heat was provided.
During the overfeeding stage, the 216 birds were divided into 18 pens (3 × 1 m 2 for 12 ducks). Each pen was equipped with drinkers. The room was maintained at a temperature lower than 20
• C and a relative humidity below 90%.
Measurements and Analytical Methods
During the rearing stage, birds were individually weighed at 58, 70, and 88 d after 18 h of fasting. In contrast, the weight at 99 d was measured after 10 h of fasting. Indeed, fatty liver underwent high weight losses during fasting. Lavigne et al. (2015) showed that at the end of the overfeeding stage, fasting should not exceed 12 h to preserve fatty liver weight and quality. Mortality was recorded daily. Feed intake per pen was measured at 60, 63, 66, 69, 77, 86 , and 88 d. In the LMF and FCF groups, the proportion of WC and PRP in the feed refusal was also measured. During overfeeding, the quantity of corn distributed was measured individually for each meal. Birds were slaughtered at 88 d of age (12 birds per group) to study body traits according to the World Poultry Science Association's method (Fris Jensen, 1984) . Carcasses were then chilled and stored at +4
• C during one day. The gut (small intestine, duodenum, jejunum, ileum,and cecum), gizzard, liver, heart, carcass (eviscerated carcass with skin and without neck), and abdominal fat were weighed, as were the breast and thigh (without skin and subcutaneous fat).
All the birds were slaughtered at the end of the overfeeding stage to measure the weight and commercial value of the fatty liver. The commercial grading of fatty liver was carried out by a specialist from the industry, trained to classify raw fatty livers according to their potential commercial use. The livers were graded on a 3-point scale. The first point of the scale corresponded to the best commercial class, representing livers with no defects and appropriate texture, usually used for processing as entire canned livers. The second point of the scale represented livers with no defects but that were too heavy to be processed as entire canned livers, and the third point of the scale represented livers with numerous defects, either in terms of visual appearance or texture, leading to a decreased commercial value. All data concerning weight lower than 30 kg were acquired using a balance PRECISA CR200 BS 30kg/1g n • 01F716795 provided by Combeau Ent. (Périgueux, Dordogne, France)
Statistical Analysis
For intake during the rearing stage, the pen was the experimental unit for statistical analysis. For live weight, average daily gain and body traits during the rearing stage, as well as performance during the overfeeding, the individual data of birds were considered as the experimental unit. All data were subjected to one-way analysis of variance using the GLM procedure of IBM SPSS Statistics 22 for Windows (version 22.0, Chicago, IL) to determine the group effect (3 levels: The individual feed intake was calculated from the intake per pen (n = 4 pens/group) and the number of birds in the pen during the stage (43 birds per pen at the beginning of the experimental stage).
2 CON: control feeding; LMF: loose-mix feeding; FCF: free-choice feeding; WC: whole corn; PRP: protein-rich pellets.
CON, FCF, LMF). When significant, differences between treatments were compared using Duncan's test.
The fatty liver commercial grading and mortality during the rearing and overfeeding stages were analyzed using a Chi 2 test. Differences were treated as significant when P < 0.05.
RESULTS

Feed Intake during the Rearing Stage
Total feed intake (complete pellets or WC + PRP) was similar between the 3 groups from 58 to 60 d, Table 2 ). On the contrary, between 64 to 66 d and 78 to 86 d, the total feed intake was 9% and 8% higher, respectively, in the FCF group than in the 2 other groups (P = 0.014 and P = 0.007, respectively, Table 2 ).
For all other stages (Table 2) , the intake of PRP was higher in the FCF than in the LMF group. Reciprocally, intake of WC was higher in the LMF group than in the FCF group regardless of the stage (Table 2) , except between 70 to 77 d, when the intake of PRP was similar in the FCF and LMF groups (155 g/d, P = 0.075).
In the LMF group, the intake of PRP and WC during the whole finishing stage (from 58 to 88 d) was similar (53 vs. 47%, respectively, P > 0.05; Table 3 ). However, between 58 and 66 d and 87 to 88 d, the intake of PRP was higher than that of WC. In contrast, in the FCF group, the intake of PRP was always considerably higher than that of WC (86 vs. 14%, respectively, P < 0.001; Table 3 ). Over the entire finishing stage, from 58 to 88 d, the feed intake was 8% higher in the FCF group than in the 2 other groups (P = 0.005; Table 2 ). The a-c Within a row, means with no common superscript differed at P < 0.05. 1 The individual feed intake was calculated from the intake per pen (n = 4 pens/group) and the numbers of birds in the pen during the stage (43 birds per pen at the beginning of the experimental stage).
2 CON: control feeding; LMF: loose-mix feeding; FCF: free-choice feeding.
total intake of PRP was higher in the FCF group than in the LMF group (+77%, P = 0.002). In contrast, the intake of WC was lower (-67%, P < 0.001; Table 2) in the FCF group than in the LMF group. Between 58 to 60 d, the energy intake was lower (P = 0.025) in the FCF group than in the LMF and FCF groups (-0.6 and -0.8 MJ/duck/d respectively, Table 4 ), while protein intake was higher (P < 0.001) in the FCF group than in the LMF group (+22%) and the CON group (+38%). Between 61 to 63 d, the energy intake was lower in the FCF group than in the CON group (3.1 vs. 3.6 MJ/duck/d, P = 0.041), the LMF group being intermediate (3.3 MJ/duck/d; Table 4 ). The protein intake group was higher in the FCF than in the 2 other groups (+21 g/duck/d, +47%, P < 0.01; Table 4 ). From 64 d to the end of the rearing stage (88 d), the energy intake was similar between the 3 groups (P > 0.05) while the protein intake was higher in the FCF group than in the 2 other groups (P < 0.05) except between 67 to 69 d when the LMF group Table 5 . Effect of the feeding system on BW (g), ADG, (g/day) and feed conversion ratio 1 (FCR) during the experimental stage (58 to 88 d). a-c Within a row, means with no common superscript differed at P < 0.05. 1 FCR per bird was determined using the measured individual live weight and the estimated individual feed intake (calculated from collective measurements in pens containing 43 birds at the beginning of the experimental stage).
2 ADG: average daily gain; CON: control feeding; LMF: loose-mix feeding; FCF: free-choice feeding.
was intermediate between the CON and FCF group (Table 4) . The total energy intake was similar between the 3 groups (92.6 MJ/duck, P = 0.353) while the total protein intake was higher in the FCF group than in the 2 others (+45%, P < 0.001, Table 4 ).
Bird Growth, Mortality and Body Traits during the Rearing Stage
The mortality rate was similar in the 3 groups throughout the trial (0.39%, P = 0.605). At 58 and 70 d of age, the BW of ducks was similar in the 3 groups (3,925 g, P = 0.626, and 4,437 g, P = 0.505, respectively; Table 5 ). However, at the end of the rearing stage (88 d), the BW of the ducks was higher in the CON group than in the FCF group (4,959 vs. 4,778 g, P < 0.001; Table 5), the LMF group being intermediate (4,854 g; Table 5 ).
Between 58 and 70 d, the average daily gain (ADG) was lower (P = 0.002) in the FCF group (36 g/d) than in the 2 CON and LMF groups (41 g/d and 39 g/d, respectively) but the feed conversion ratio (FCR) was similar between the 3 groups (6.99, P = 0.247) during the same stage. Between 71 and 88 d, the ADG was higher in the CON group (29 g/d, P < 0.001) than in the LMF (25 g/d) and FCF groups (21 g/d; Table 5 ) but the FCR was lower in the CON group than in the FCF group (8.62 vs. 14.67, P < 0.005), the LMF group being intermediate (10.21; Table 5 ). Over the entire experimental stage (58 to 87 d), the ADG was higher in the CON group than in the 2 others (+4.5 g/d, +15%, P < 0.001) and the ADG in the LMF group was higher than in the FCF group (+3 g/d, +11%, P < 0.005; Table 5 ). For the same stage, FCR was higher in the FCF group than the 2 other groups (+32%, P = 0.024; Table 5 ).
At the end of the rearing stage (88 d), the gut weight was greater in the LMF group than in the CON group (+11.5%, P < 0.05), the FCF group being intermediate (Table 6 ). The other body traits were similar (P > 0.05; Table 6) in the 3 groups.
Bird Performance during Overfeeding
The mortality rate was similar in the 3 groups throughout the overfeeding stage (4/216 = 1.85%, P = 0.168). At the beginning of the overfeeding stage, the BW was higher in the CON group than in the FCF group (4,951 vs. 4,774 g, P < 0.05), the LMF group being intermediate (4,847 g; Table 7 ). The feeding system used during the finishing stage had no effect on feed intake during the overfeeding stage (8,998 g, P = 0.762) or on the BW at the end of the overfeeding stage (6,593 g, P = 0.601; Table 7 ). However, the BW gain was smaller in the CON group than in the FCF group (1,674 vs. 1,790 g, P < 0.05), the LMF group being intermediate (1,744 g, Table 7 ) and, in turn, the FCR was higher in the CON group than in the FCF group (5.47 vs. 5.13 g, P < 0.05), the LMF group being intermediate (5.29 g, Table 7 ).
After overfeeding, the weight and commercial grading of the fatty liver were similar (P = 0.349 and P = 0.253, respectively; Table 7) in the 3 groups.
DISCUSSION
In poultry, feed intake is influenced by several factors including the nutritional composition of the feed and sensory factors such as color, texture and particle size of the feed (Bouvarel, 2010a; Lecuelle et al., 2010) . A meta-analysis showed that birds generally regulate their feed intake according to the energy content of the diet in order to maintain their energy intake (Bouvarel 4 Class 1: the best commercial class, representing livers with no defects and appropriate texture, usually used for processing as entire canned livers; Class 2: livers with no defects but too heavy to be processed as entire canned livers; and Class 3: livers with numerous defects, either in terms of visual appearance or texture, leading to a decreased commercial value. et al., 2010a,b). The present study confirms these previous results, since the energy intake of ducks during the finishing stage was similar among the 3 feeding systems. In contrast, the eating strategy implemented by birds, namely the ratio between PRP and WC, greatly differed between the 2 feeding systems based on whole corn. In the free-choice feeding system, PRP was more consumed than WC, which would be detrimental for both the environment and profitability. In contrast, in the loose-mix feeding system, both components of the ration were consumed equivalently. Arroyo et al. (2014) showed similar intake of PRP and WC by ducks submitted to free-choice feeding systems during the finishing stage. In the same way, in a situation of choice, broilers progressively increased their cereal intake with increasing age to meet their decreasing protein needs (Leeson and Caston, 1993) and naturally changed their diet so that it evolved with their needs (Emmans, 1991; Forbes and Shariatmadari, 1994) . Therefore, in the present study, factors other than the dietary energy level influenced the feeding behavior of the ducks in the freechoice feeding system. Since particle size, color, and texture were similar for PRP and WC in the FCF and LMF groups, we hypothesize that the ducks preferred the protein-rich pellets because they were previously fed with pellets from the time of hatching to 56 d of age and, therefore, preferentially tend towards the feeder containing pellets. Indeed, Covasa and Forbes (1996) showed that poultry are capable of learning since they are influenced by their previous experiences. Such a situation could be strengthened due to feed restriction during the finishing stage.
Several studies showed that whole grains increase gizzard (Lu et al., 2011) and liver (Guy et al., 2013) and gut (Arroyo et al., 2012a) and/or abdominal fat (Leeson and Caston, 1993) development. This interaction between ingested feed and the development of the digestive system may be transient (Bedford, 1996) and depend on the grain type (Amerah and Ravindran, 2008) and on the age of the birds (Arroyo et al., 2012b) . In our study, the relative development of the gut was enhanced only in the LMF group, the one in which the consumption of WC was high. Body development was not changed in the FCF group as previously observed (Arroyo et al., 2014) , even if higher protein supply in this group, the consequence of the high intake of PRP, could have changed fat or muscle development. In fatty liver production systems, the feeding program should prepare the waterfowl for a high feed intake over a short stage. The restricted access to the feeder during the finishing stage is consistent with this goal as the result of the enlargement of the crop volume (Guéméné and Guy, 2004; Arroyo et al., 2012c) . Arroyo et al. (2012a) showed that the use of whole cereal in geese could prevent full crop development. The crop volume was not measured in the present study. However, similar performance during the overfeeding stage between the 3 feeding systems suggest sufficient development of the crop at the end of the finishing stage, as previously described (Arroyo et al., 2014 (Arroyo et al., , 2016 . Whole grains may therefore be safely used during the finishing stage in ducks. This lack of consistency between the 2 species could be explained by the fact that the mule duck is more rustic than the goose and able to quickly adapt to modifications in environmental conditions (Guy et al., 1995) . Additionally, duck has a real crop, whereas the crop is not a truly differentiated organ in goose species (Sturkie, 1986 ), but, instead, an extension of the esophagus in the form of a pocket produced especially under the effect of the diet.
In conclusion, the present results showed that in feeding systems based on the use of whole corn, the feeding behavior of ducks is influenced by practical considerations. During the finishing stage, the total feed intake is lower but whole corn intake is higher in the loosemix than in the free-choice feeding system. However, the feeding system during the finishing stage has no effect on fatty liver weight and commercial value after the overfeeding stage. Further studies to better understand the effects of feed learning in ducks would be interesting to optimize transition management and to keep economic and environmental feed costs under control.
